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(57) ABSTRACT

A hydraulic spool valve assembly comprising a housing
defining a bore having a longitudinal axis (L), a hydraulic
spool valve, a sleeve disposed within the bore and a tem-
perature compensation device disposed between the sleeve
and the housing. The hydraulic spool valve having a first end
for connection to a drive arm, and an opposing second end
disposed within the bore. The sleeve disposed between the
hydraulic spool valve and the housing. The temperature
compensation device configured to expand 1n a first longi-
tudinal direction in response to a temperature increase, to
oppose movement of the sleeve 1 an opposing second
longitudinal direction caused by the temperature increase.
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1
HYDRAULIC VALVE

FOREIGN PRIORITY

This application claims priority to European Patent Appli-
cation No. 17275089.5 filed Jun. 22, 2017, the entire con-
tents of which 1s incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to a hydraulic spool valve assem-
bly (also referred to as a hydraulic servo valve assembly),
and a hydraulic actuator featuring the same. This disclosure
also relates to a method of compensating for thermal expan-
sion driven force fight 1n a hydraulic spool valve assembly.
Such hydraulic spool valve assemblies are often used 1in

duplex hydraulic systems for redundancy 1n aerospace appli-
cations.

BACKGROUND

Duplex hydraulic systems are used for example 1n aircraft
actuator systems for redundancy and safety so that if one
system fails, the other remains operational, allowing con-
tinued control of the relevant system. For example the main
rotor actuator 1n a helicopter typically uses a duplex hydrau-
lic control system. Failure modes may include seal failures
(leaks), pipe bursts, component structural failure or pump
tailure. Triplex and even quadruplex systems are also used
in some applications.

Hydraulic spool valves in thght control actuators are
usually driven by a mechanical lever connected to the pilots
input lever which 1s in turn connected to the pilot’s controls
by a mechanical linkage. Where duplex hydraulic systems
are employed for redundancy and safety reasons, two valves
are used, one for each system, driven by a single layshait and
lever assembly. Synchronization of these two valves 1is
critical to avoid potentially damaging ‘force fight” between
the two hydraulic systems. Force fight 1s created by the two
valves being out of synchronization and this can lead to
pressure intensification within the actuator. This intensifica-
tion can cause premature seal failures and may also cause
fatigue damage within the actuator.

Force fight can occur 1n actuators with tandem cylinder
configurations, as shown 1 FIG. 1. The four chamber
pressures within the cylinder need to be precisely controlled
so as to minimize the internal forces generated within the
tandem piston and cylinder arrangement. These chamber
pressures (referred to as base pressures) are controlled by
very small spool displacements (around 0.001 inch or 25.4
um ) and therefore any small amount of deviation 1n the valve
synchronmization between the two hydraulic systems can
result 1n damaging force fights.

There are several factors aflecting valve synchronization
including backlash due to manufacturing tolerances and
thermal expansion eflects acting on the actuator assembly
during operation. Whilst the backlash eflects can be con-
trolled by manufacturing to tight tolerances or as disclosed
in EP 3,128,216 or EP 17275076.2 this does not address
valve synchronization errors due to thermal expansion
cllects.

The present disclosure 1s focused on providing a hydraulic
spool valve assembly that compensates for the aforemen-
tioned thermal expansion eflects.

SUMMARY

From a first aspect, the present disclosure relates to a
hydraulic spool valve assembly 1n accordance with claim 1.
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The movement of the sleeve in the second longitudinal
direction may be due to the increase 1n temperature causing
thermal expansion of the housing and/or sleeve.

In one embodiment of the above hydraulic spool valve
assembly, the temperature compensation device 1s disposed
between the sleeve and the housing. The temperature com-
pensation device may be 1 direct or indirect contact with the
sleeve and/or the housing.

In another embodiment of any of the above hydraulic
spool valve assemblies, the sleeve surrounds at least a
portion of the hydraulic spool valve, such as the second end
of the hydraulic spool valve.

In another embodiment of any of the above hydraulic
spool valve assemblies, the temperature compensation
device 1s a shape memory device. The shape memory device
may comprise a shape memory alloy, for example, Nitinol.
Alternatively, the temperature compensation device 1s a
bimetallic device. In either of the above, the temperature
compensation device may be annular.

In another embodiment of any of the above hydraulic
spool valve assemblies, the hydraulic spool valve assembly
further comprises a biasing member 1n operative communi-
cation with the sleeve and the housing, and configured to
exert a biasing force on the sleeve that opposes movement
of the sleeve in the first longitudinal direction. The biasing
member may be a spring, for example, a Belleville spring.

In one embodiment of the above hydraulic spool valve
assembly, the biasing member 1s disposed between the
sleeve and the housing.

The biasing member may be in direct or indirect contact
with the sleeve and/or the housing.

In another embodiment of the previous two hydraulic
spool valve assemblies, the sleeve further comprises a
flange, and the biasing member and the temperature com-
pensation device engage opposite surfaces of the flange. The

flange may be annular and may extend radially from the
sleeve.

In another embodiment of any of the above hydraulic
spool valve assemblies, the housing turther comprises a stop
configured to limit the extent of movement of the sleeve 1n
the first longitudinal direction. The stop may be annular and
extend radially from the sleeve.

In another embodiment of any of the above hydraulic
spool valve assemblies, the hydraulic spool valve assembly
comprises two or more hydraulic spool valves operatively
connected to a respective drive lever at respective first ends,
cach respective drive lever being operatively connected to a
common nput lever, such that movement of the common
input lever causes actuation of each respective drive lever
and the two or more hydraulic spool valves to move parallel
to the longitudinal axis.

In another embodiment of any of the above hydraulic
spool valve assemblies, the temperature compensating
device allows tluid supply and return lines passing through
the housing and the sleeve to remain substantially static with
respect to the spool valve during operation of the assembly.

From a second aspect, the present disclosure relates to a
hydraulic actuator.

From a third aspect, the present disclosure relates to a
method of compensating for thermal expansion driven force
fight 1n a hydraulic spool valve assembly.

The hydraulic spool valve assembly may be as described
above 1n any embodiment.

The movement of the sleeve in the second longitudinal
direction may be due to the increase 1n temperature causing
thermal expansion of the housing and/or sleeve.
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In one embodiment of the above method, the biasing
member 1s disposed between the sleeve and the housing.

In another embodiment of any of the above methods, the
method further comprises placing a biasing member in
operative communication with the sleeve and housing, such °
that the biasing member exerts a biasing force on the sleeve
that opposes movement of the sleeve 1n the first longitudinal
direction.

In another embodiment of any of the above methods, the
method further comprises limiting the extent of sleeve 10
movement 1n the first longitudinal direction using a stop.

BRIEF DESCRIPTION OF DRAWINGS

One or more non-limiting examples will now be 15
described, by way of example only, and with reference to the
accompanying figures in which:

FIG. 1 schematically shows a prior art duplex hydraulic
actuator:;

FI1G. 2 illustrates a cross-sectional view of an exemplary 20
duplex hydraulic actuator in accordance with this disclosure;
and

FIG. 3 illustrates an enlarged view of an exemplary
hydraulic spool valve assembly of the duplex hydraulic
actuator of FIG. 2. 25

DETAILED DESCRIPTION

FIG. 1 schematically shows a duplex hydraulic actuator
system with a first hydraulic system 41 and a second 30
hydraulic system 45. First hydraulic system 41 has a first
hydraulic spool valve 42 which 1s operatively connected to
a first drive lever 43 at first end 42¢, and 1s actuated via first
drive lever 43 by common input lever 44. Second hydraulic
system 45 has a second hydraulic spool valve 46 which 1s 35
operatively connected to a second drive lever 47 at first end
46¢, and 1s actuated via second drive lever 47 by common
iput lever 44. Hydraulic spool valves 42, 46 comprise
second ends 42d, 46d which are moveably housed within a
housing 20, 21 through which lines 55, 56, 57, 58, 59, 60, 40
61, 62 pass. Each hydraulic spool valve 42, 46 has a plurality
of metering surfaces 42a, 42aa, 42b, 42bb, 46a, 46aa, 465,
46bb which are used to allow or prevent communication of
hydraulic fluid across valves 42, 46, as discussed below.

Hydraulic cylinder 50 houses piston 49. Four fluid cham- 45
bers are formed between the piston 49 and the cylinder 50,
namely first fluid chamber 51, second fluid chamber 52,
third fluid chamber 53 and fourth fluid chamber 54.

When (the upper end of) common mput lever 44 1s moved
to the night along the axial direction (in the figure), the two 50
hydraulic spool valves 42, 46 and metering surfaces 42a,
42aa, 425, 42bb, 46a, 46aa, 46b, 46bb are moved to the
right. The movement of the metering surface 42a connects
pressure line 61 to line 58, allowing hydraulic tfluid to flow
into fourth chamber 54. At the same time, line 57 1s 55
connected to return line 62 via metering surface 42bb
allowing hydraulic fluid to flow out of third chamber 53.
Simultaneously, movement of the metering surface 46q
connects pressure line 39 to line 56, causing hydraulic fluid
to flow 1nto second chamber 52. At the same time, line 55 1s 60
connected to return line 60 via metering surface 46bb
allowing hydraulic fluid to flow out of first chamber 51.
Piston 49 is therefore caused to move to the left.

When (the upper end of) common mput lever 44 1s moved
to the left along the axial direction (in the figure), the two 65
hydraulic spool valves 42, 46 and metering surfaces 42a,

42aa, 4256, 4255, 46a, 46aa, 465, 46b5 are moved to the left.

4

The movement of the metering surface 426 thus connects
pressure line 61 to line 57, causing hydraulic fluid to flow
into third chamber 53. At the same time, line 58 1s connected
to return line 62 via metering surface 4655 allowing hydrau-
lic fluid to flow out of fourth chamber 54. Simultaneously,
movement of the metering surface 460 connects pressure
line 59 to line 55, causing hydraulic fluid to flow 1nto first
chamber 51. At the same time, line 56 1s connected to return
line 60 via metering surface 46aa allowing hydraulic fluid to

flow out of second chamber 51. Piston 49 1s therefore caused
to move to the right.

As the actuator system heats up during operation (e.g. due
to the o1l temperature rising and/or the temperature of the
environment around the actuator system rising) the valve
housing 20, 21 will expand due to thermal expansion. The
hydraulic spool valves 42, 46 are fixed to the drive levers 43,
4’7 and not secured to the valve housing 20, 21, and so do not
necessarlly expand by the same amount or in the same
manner as that of the housing 20, 21. This differential
thermal expansion can cause some or all of the metering
surfaces 42a, 42aa, 42b, 4256b, 46a, 46aa, 465, 46bb to be
become misaligned with lines 55, 56, 57, 38 and permit
unintended communication of hydraulic fluid to the cham-
bers 51, 52, 53, 54, which can generate unintended move-
ment of piston 49 and cause force fight within the actuator
system. Such force fight can be worsened, when the valve
housing 20, 21 1s made of a “lighter” alloy (e.g. Aluminum
alloy), since such an alloy typically provides a larger coet-
ficient of thermal expansion than “heavier” alloys (e.g.
steel).

Valve housings 20, 21 may be made from a “lighter” alloy
with the iclusion of a suitable spool sleeve 10, 11, where
the sleeve 10, 11 1s nngidly fixed to the housing 20, 21, such
as described in relation to the embodiments of the present
disclosure.

FIG. 2 schematically illustrates a cross-sectional view of
a duplex hydraulic actuator system in accordance with an
embodiment of the present disclosure. Like components
have been given the same reference numerals, and operate as
described 1n relation to FIG. 1.

In contrast to the duplex hydraulic actuator system of FIG.
1, each of the hydraulic systems 41, 45 comprise a housing
30a, 30b, 31a, 315 which defines a bore 32 having a
longitudinal axis L, and a sleeve 10, 11 disposed within the
bore 32.

The second ends 42d, 464 of the hydraulic spool valves
42, 46 are surrounded by sleeves 10, 11 and are disposed
within the bore 32. The spools 42, 46 move relative to the
sleeve 10, 11 1n response to actuation of the valves 42, 46 to
move the piston 49, as described 1n relation to FIG. 1.
Housing 30a, 300, 31a, 315 acts 1n the same manner as the
valve housing 20, 21 described in relation to FIG. 1, and
extends past section line Z to contact an actuator housing
(not shown) 1.e. a static structure. Lines 55 to 62 extend
through sleeves 10, 11 to allow fluid communication
between them, the spool valves 42, 46 and the piston 49 and
chamber 50, to allow operation of the actuator system as
described 1n relation to FIG. 1.

The sleeves 10, 11 comprise annular flanges 16, 17 that
are each 1n contact with a temperature compensation device
12, 13 and a biasing member 14, 15 on opposite surfaces on
the flanges 16, 17. Temperature compensating devices 12, 13
are disposed between respective flanges 16, 17 and housing
portions 30a, 31a and engage the same. Biasing members
14, 15 are disposed between respective flanges 16, 17 and
housing portions 305, 316 and engage the same.
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When the actuator system heats up during operation,
thermal expansion of the housing 30a, 305, 31a, 315 1n the
longitudinal direction will cause the abutting sleeves 10, 11
to move 1n the same longitudinal direction, for instance,
when looking at FIG. 2, sleeve 10 will move right parallel
to the longitudinal axis L and sleeve 11 will move left
parallel to the longitudinal axis L, 1.e. both sleeves will move
away from their respective drive levers 43, 47.

The temperature compensating devices 12, 13 are con-
figured to expand 1n at least the longitudinal direction 1n
response to the temperature increase, to oppose the move-
ment of the sleeves 10, 11 due to thermal expansion of the
housing 30a, 3056, 31a, 315 1n the longitudinal direction. In
other words, when looking at FIG. 2, temperature compen-
sating device 12 will expand letft parallel to longitudinal axis
L and temperature compensating device 13 will expand right
parallel to longitudinal axis L 1.e. towards their respective
drive levers 43, 47. In this manner, the temperature com-
pensating devices 12, 13 allow lines 55, 56, 57, 58 to remain
substantially static with respect to the spool valves 42, 46 (at
any particular position of drive lever arms 43, 47). This
results 1n the lines 35, 56, 57, 58 remaining properly aligned
with metering surfaces 42a, 42aa, 42b, 42bb, 46a, 46aa,
46b, 466 to prevent unintended fluid communication to the
piston 49 and chamber 50 as the actuator system heats up
during operation. This compensates for the thermal expan-
s10on elfects described with respect to FIG. 1, thus preventing
force fight being caused thereby.

In the depicted embodiment, the temperature compensat-
ing devices 12, 13 are annular shape memory devices,
comprising a shape memory alloy, such as Nitinol. However,
any shape memory device and/or shape memory alloy that
provides reversible expansion with a temperature increase
can be used within the scope of this disclosure. Alternatively,
a bimetallic device, for instance, a bimetallic disc could be
used. The degree of expansion of the shape memory device
with temperature increase can be varied, as 1s well known in
the art, to match the dimensions and expansion character-
istics of any specific hydraulic actuator system.

Biasing members 14, 15 are configured to exert a biasing,
force on the sleeves 10, 11 that opposes the longitudinal
movement provided by the temperature compensating
devices 12, 13. This biasing force can be used to meter the
amount of sleeve movement 1n response to temperature
compensating device expansion over a given temperature
range.

In the event of failure of the temperature compensating,
devices 12, 13, the biasing force will also act to engage
sleeves 10, 11 against housing portions 30a, 31a. Although
this provides a backlash Y, 1t will stabilize the sleeves 10, 11
against the housing portions 30a, 31a such that the spool
valves 42, 46 do not fail completely due to failure of the
temperature compensating devices 12, 13.

As can be seen 1n more detail from FIG. 3, the housing
portions 3056, 315 further comprise annular stops 18, 19 that
limit longitudinal movement of the sleeves 10, 11 1n the
direction of longitudinal movement provided by the tem-
perature compensating devices 12, 13.

In the event of a failure of the biasing members 14, 15,
sleeves 10, 11 move longitudinally within backlash X,
however, will engage and stabilize against stops 18, 19, such
that the spool valves 42, 46 do not fail completely due to
tailure of the biasing members 14, 15.
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In the depicted embodiment, the biasing members 14, 15
are Belleville springs, however, any biasing member that can
provide a suitable biasing force may be used within the
scope of this disclosure.

The mnvention claimed 1s:

1. A hydraulic spool valve assembly, comprising:

a housing defining a bore having a longitudinal axis (L);
a hydraulic spool valve having a first end for connection

to a drive arm, and an opposing second end disposed
within the bore;

a sleeve disposed within the bore between the hydraulic

spool valve and the housing; and

a temperature compensation device 1n operative connec-

tion with the sleeve and the housing, the temperature
compensation device configured to expand i a first
longitudinal direction in response to a temperature
increase, to oppose movement of the sleeve 1n an
opposing second longitudinal direction, wherein the
temperature compensation device includes a shape
memory alloy or a bimetallic device.

2. The hydraulic spool valve assembly of claim 1, wherein
when temperature compensation includes the shape memory
alloy, the shape memory alloy 1s Nitinol.

3. The hydraulic spool valve assembly of claim 1, wherein
the temperature compensation device 1s annular.

4. The hydraulic spool valve assembly of claim 1, further
comprising a biasing member 1n operative communication
with the sleeve and the housing, and configured to exert a
biasing force on the sleeve that opposes movement of the
sleeve 1n the first longitudinal direction.

5. The hydraulic spool valve assembly of claim 4, wherein
the sleeve further comprises a flange, and the biasing mem-
ber and the temperature compensation device engage oppo-
site surfaces of the flange.

6. The hydraulic spool valve assembly of claim 4, wherein
the biasing member 1s a spring.

7. The hydraulic spool valve assembly of claim 6, wherein
the biasing member 1s a Belleville spring.

8. The hydraulic spool valve assembly of claim 1, wherein
the housing further comprises a stop configured to limit the
extent of movement of the sleeve in the first longitudinal
direction.

9. The hydraulic spool valve assembly of claim 1, turther
comprising:

two or more hydraulic spool valves operatively connected

to a respective drive lever at respective first ends, each
respective drive lever being operatively connected to a
common nput lever, such that movement of the com-
mon input lever causes actuation ol each respective
drive lever and the two or more hydraulic spool valves
to move parallel to the longitudinal axis (L).

10. A hydraulic actuator comprising:

the hydraulic spool valve assembly of claim 1;

a hydraulic cylinder; and

a piston, wherein the piston 1s housed within the hydraulic

cylinder, wherein the one or more hydraulic spool
valves are in fluid communication with the hydraulic
cylinder and piston such that movement of the one or
more hydraulic spool valves causes fluid to enter and/or
exit the hydraulic cylinder causing the piston to move.
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